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Triple-axis neutron-scattering study of phason dynamics in Al-Mn-Pd quasicrystals
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We present an extensive triple-axis neutron-scattering study of phason hopping in a single-domain sample of
a perfect icosahedral A Mng Py, o quasicrystal. The quasielastic intensities exhibit important anisotropies.
They are compared with models at various levels of sophistication. This comparison strongly suggests the
occurrence osimultaneous correlateimps. The important correlations are directed along the threefold axes.

I. INTRODUCTION: PHASON DYNAMICS cal assertion. In the random-tiling modéithe existence of a
crystalline ground state is postulated. It is this phase that is
Phason dynami¢s®® plays a key part in the understand- stable at low temperatures. With increasing temperature, the
ing of many basic structural and dynamical properties ofnumber of phason flips considerably increases and leads to a
quasicrystalfQCs9, and have been extensively studied dur-transition to a random QC state. The transition is driven by
ing the last years, both experimentally and theoretically. Thehe very high configurational entropy that can result from the
terminology phason was coined by analogy with incommentile flips. A random tiling is thus obtained from a perfect QC
surate phase$;®but is a priori a misnomer that has to be by applying a succession of elementary phason flips which
handled with circumspection: Although incommensuratedo not destroy the long-range quasiperiodic order. On the
crystals and QCs belong to the same family of quasiperiodiother hand, in the model of perfect Q€sthe fundamental
structures, their topological properties are very diffefémh  state of the structuréminimizing the free energyis the QC
the cut-and-projection method, a quasiperiodic structure istate. Real QCs appear as the unperfect realization of this
obtained by embedding it into a superspace of higher dimerstate, and phason defects exist in the structure as naturally as
sion, wherein a periodic lattice has been defined. Each intechemical disorder or vacancies in a crystal. To explain the
section between the “atomic surfaces” decorating this high-existence of such perfect QCs, a special self-diffusion
dimensional periodic lattice and the physical space yieldsnechanism based on phason jumps has been proposed by
one atomic positiod® Incommensurate crystals are obtainedKalugin and KatZ° In fact, there are no local growth rules
from large continuous components, while it has been showfor a number of Penrose tilings, which are the core of all
that atomic surfaces are generatigt continuous in QCs. conceptual tools on which our comprehension of QCs has
Consequently, global rigid translation of the cut parallel to been founded! One then starts to wonder how they can
itself generates propagating modss-called phason modes grow to such a high perfecticid.According to the random-
(Ref. 17 in incommensurate crystals, while orbcal defor-  tiling model the answer is that they do contain a lot of
mations leading tadiscrete atomic jumpsre expected to disorder?® Within the model of the perfect QC, defects pro-
occur in QCs. That such jumps are now dubbed “phasons’duced during the growth are rapidly annealed out due to the
stems from a historical clumsiness, since the word “phason’fast diffusion. Within the model of Kalugin and Katz long-
irresistibly conjures up a wrong image of continuous collec-range diffusion can be generated by a domino sequence of a
tive modes of atomic motion. This important remark canlarge number of local tile reshuffles. A percolation regime
almost serve as a definitidiyiz., that one of the hallmarks could be reached at high temperatures and lead to an unusual
of a QC is that it is ajuasiperiodic object whose phasons are acceleration of the diffusion, deviating from the standard
not propagating modes Arrhenius behavior that is traditionally observed in metallic
In view of the importance of phason dynamics for a vari-alloys. Phason-driven diffusion is predicted to dominate in
ety of theoretical issues to be briefly underlined below, andQCs, but the theory does not quantify the relevant tempera-
which encompass structure, growth, stability, diffusion pro-ture range. Moreover, the model stipulates a very low acti-
cesses, and phase transitions of QCs, we have undertakervation energy for individual phason jumps, and a possible
systematic investigation of atomic hopping. We are relatingransition between a perfect QC and a randomized tfifné’
here the results of a series of triple-axis experiments byseveral aspects of this theory were reproduced in computer
quasielastic neutron scattering on a single-grain Al-Mn-Pcsimulations?’~3° However, a steadily increasing body of
QC. macroscopic measuremettts’” of diffusion coefficients in
Phason dynamics is endowed with an important role inQCs by tracer methods consistently fails to show any sign of
theories dealing with the thermodynamical stability of theaccelerated diffusion below the melting temperature. This
structure of QCs. Whatever the option choosen to study staautcome remains the bogey riddle for the theory of Kalugin
bilization processes, the existence of atomic jumps is a critiand Katzsensu strictd! In this context, a specific study of
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the phason jumps is of interest to document the properties ofoted to the confrontation of these results with a number of

self-diffusion in QCs. models. Finally, we conclude in Sec. IX.
The existence of two different epistemologies for QCs—
the random-tiling model and the perfect-QC model—is not Il. TECHNICAL PREAMBLE

only rooted in our ignorance with respect to the growth
mechanisms, but also an offshoot of the difficulties encoun-
tered in giving a complete structural description of these ma- Only a few techniques are actually available to observe
terials. The QC structure is globally well described by six-and study atomic jumps: Msbauer spectroscopy; nuclear
dimensional (6D) quasicrystallography, but an uncertainty magnetic resonan¢é;* and quasielastic neutron scattering.
remains concerning the Bragg peaks of weak intensitie¥Ve mainly performed neutron-scattering experimerits,
which in principle should code the fine details of the atomiccompleted by ~ some  additional *'Fe  Mdssbauer
structure. To summarize the situation: the very high degregeasurementsThermal(or cold) neutrons have energies of
of perfection of last-generation icosahedral QCs remains pathe order of magnitude of the vibrational motion in solids,
tially mysterious, and the problem of unraveling the exactand constitute therefore the tool of excellence for our kind of
positions of all atoms is still not solved. Admitting we can Study.

reach the experimental accuracy required, the determination The scattering functior§(Q,w) that is measured is the

of jump parameter¢such as vectors and atomic species in-Fourier transform of spatio-temporal Van Hd%eorrelation
voived could shed some light on the structural functionsG(r,t) between particle$;** whereQ=k;— ki is
problent®3839by providing crucial tests of the interatomic the momentum transfer aridw = E; — E¢ the energy transfer
distances and spatial distributions. of the neutron. The Van Hoviotal (self-torrelation func-

A number of phase transitioffs2° and mechanical prop- tions are giving the probability to find a particle at position
erties of QCs have also been related to phason jumps. Thand instant if any (the sameparticle was situated at posi-
fact constitutes a motivation to understand the elementar{jon vector0 at instant 0. They correspond to thtal (in-
jump processes. First of all, the thermal activation of phasogoherent)scattering functions. Atomic jumps are dynamical
jumps could intervene in phase transitions between QCs arfocesses implying small energy transfers which are acces-
periodic approximantéq_‘ls as the key move in the atomic sible by quasielastic neutron Scattering. The hopplng dis-
rearrangements that allow one to pass from one structure f@nces amount to 1-2 interatomic distances, typically a few
another. The mechanisms leading to the formation of metad in icosahedral QCs. Consequently the useful range in re-
stable intermediary states most probably also involve modiciprocal space to study jump signals extends well upQp
fications of the local structure of the materials that are pha=5 A~'. A number of models of various degrees of com-
son driven. Another possible case in point is the brittle-plication and sophistication can be used to analyze hopping
ductile transitiol observed at high temperatfe.The  signals(as will be discussed latgrbut the canonical one—
plastic properties of QCs are drastically modified on increasfeaturing the jump of a single atom in a double-well
ing the temperature: whereas QCs are very hard and brittle fotential—has been successfully applied to analyze all our
room temperature, they behave like remarkably superplastierevious data">” Since there is only one particle, the dis-
materials at high temperatures. Phason-based scenarios hdirgtion between total and incoherent scattering functions
been proposed as a rationale that could account for thesgases to exist within this model. Considering two equivalent
amazing properties, but they have not yet been validatedites separated by a jump vectbrand a relaxation time,
Finally, one has also invoked phason-based scenarios the scattering function is given by
come to grips with some mechanical prgﬁgerties of QCs, 1
manifested, e.g., in vibrating-reed experiments. _

Some very preliminary results of this project have been S(Qw)= 5[1+COS(Q'd)]5(w)
reported in conference proceedihgsd in a thesié’ They
are partly superseded by the aforelying presentation. In a 1 1 r
first, introductory part of the articléSec. I), we justify the + E[l_COSQ' d)]; T2+ (hw)?’ @
scope of the present triple-axis study by putting it into a
technical perspective. From this we will learn what kind of The first term is a Dirac peak positioned at zero-energy trans-
results will be the unique resort of this type of study andfer, the intensity of which is modulated by the so-calied
what sorts of questions are better tackled by other expericoherent elastic structure factor. It corresponds to the static
mental methods. Also a short description of the basic jumggontribution of the system, i.e., to the probability that an
model is recalled. In Sec. Il we briefly review an anthology atom stays in a same site. The second term is also centered
of previous results. We will single out just those aspects thaon zero-energy transfer and is the quasielastic Lorentzian-
are necessary to provide the reader with some appropriaghaped contribution arising from the dynamical jump pro-
background information. In Sec. IV we start to develop ourcess. Its half width at half maximuii is inversely propor-
experimental line of approach by scouting surveys on twdional to the relaxation time of the jump: the wider the signal,
fronts: We try to gain some insights from a few simple the quicker the jump. Its intensity is modulated by the quasi-
model calculations and from the results of a reconnaissanaglastic form factor which is the spatial Fourier transform of
time-of-flight (TOF) experiment. In Sec. V we give the pro- the dipole produced by putting a Dirac measure in both
tocol of the triple-axis experiments. In Sec. VI we give aminima of the double well and depends on the jump vector
detailed account of the data analysis, while in the next sedd. It may be noted that the quasielastic structure factor and
tion we present the experimental results. Section VI is dethe elastic structure factrobeya sum rule their sum is a

A. Experimental technique: Quasielastic neutron scattering
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TABLE I. Neutron-scattering cross sections. the signals collected in the experiments will predominantly
arise from coherent scattering. The Al cross section is very

Isotope Tinc(b) ocon(b) low, and it is therefore almost impossible to observe Al dy-
27p i} 1.495 namics by the neutron-scattering technique. This is all the
57Fe 05 0.66 more disappointing as Al makes up for roughly 70% of our
Sira ) 29 QCs. A strong contrast does exist betwé@fCu, ®3Cu, and
naipg 0.39 11.44 Cu, as well as betweefi*'Fe, **Fe, and*'Fe. For ex-
83cy 6x 103 5.52 ample, Cu dynamics in a sample fully enriched®ficu will
85Cy 0.4 14.1 show up with an intensity that is twice as strong as in a
natcy 0.52 7.49 sample prepared frorf®'Cu. Similarly, a sample witH'®'Fe
55N 0.6 1.65 will enhance the signal from Fe dynamics by a factor of 5
10504 ) i1 with respect to a comparable sample based>tre. Such
106p i 38 contrasts render isotopic studies possible and very interesting
1080 ) 211 in Al-Cu-Fe: Cu dynamics on the_one hgnd and Fe dynamics
natpg 0.09 a1 on the other can be very well distinguished. The prospects

for squeezing out the same kind of detailed information from
the Al-Mn-Pd system are looking dim: as Al, Mn is
monoisotopic, and the contrast between the various Pd iso-
constant, viz., 1, such that tii¢ dependence of one of them topes is not sufficient. A substitution 8#'Pd by 1°%Pd could
is the opposite of th€ dependence of the other one. Both be useful, but the prohibitive cost of isotopic enrichment
contributions are in practice attenuated by the Debye-Wallefules out the feasibility of such a study. In conclusion isoto-
factor and convoluted with the experimental resolution func-pic substitution is out of the question within the Al-Mn-Pd
tion. In the case of single-grain QCs, where the signal can bgystem, and no direct information about the atomic species
studied as a function of the momentum transfer veQpthe  participating in the jumps can be gained from neutron-
full content of the geometrical information thus lies open for scattering experiments. A first possibility one can think of to
study: the distancand the orientation of the jump can be overcome this drawback would be to check if there exist
simultaneously obtained. In the case of powder samplesiternative techniques that are sensitive to a given element,
(with no texturg, an average over the isotropic distribution such as®’Fe Massbauer spectroscopy to single out the Fe
of all possible grain orientations yields the quasielastic strucdynamics or NMR to investigate Al relaxation within the
ture factorF ;o496 Q) =3[ 1—jo(Qd)], which only depends  system. But Pd and Mn do not offer such possibilities. The
on the jump distance. The information on jump orientation,second angle of approach consists in the “poor man’s”
which would be a critical parameter, e.g., to cross-checknethod of comparing systematically the Al-Mn-Pd experi-
structural models, is then lost. This remark highlights themental results to those obtained in Al-Cu-Fe and making the
importance of a triple-axis study on a single-grain sample. structural analogy between the two icosahedral phases. We
have used this method frequently as a basis for formulating
educated guesses about the identification of the Mn and Pd
jumps. Nevertheless, in order to remind ourselves that such a
The first QCs were strongly disordered, exhibiting an im-tentative attribution of a chemical species to a jump can only
portant broadening of the Bragg peaks which rendered thertake on the status of a weak presumption, we will adopt
of moderate interest for accurate studies. Nowadays, a nethiroughout the article a notation between parentheés),
generatio”’ 8 of almost perfed® icosahedral phases has (Pd), and(Al).
become available. X-ray patterns from Al-Cu-Fe and Al- (2) Phase diagramsThe second important difference be-
Mn-Pd systems exhibit sharp Bragg peaks, the widths ofween Al-Cu-Fe and Al-Mn-Pd systems resides in the possi-
which are resolution limited. Such QCs are ideal systems fobility or otherwise of growing single-grain samples that are
the study of atomic jump® The atomic structures of Al- large enough for neutron-scattering measurements, which re-
Mn-Pd and Al-Cu-Fe are rather similar, with atoms of Fequire volumes of a few cf Both the Al-Cu-Fe and the
playing the same part in Al-Cu-Fe as atoms of Mn in Al-Mn- Al-Mn-Pd phase diagrams are rather intricété% and the
Pd, and atoms of Cu the same role as atoms of Pd. Howevestability domains of the icosahedral phases are slender. In the
even if both phases are equally perfect and comparable fromase of Al-Cu-Fe, the icosahedral region is not connected to
the structural point of view, they offer quite different techni- the liquidus, such that it is impossible to grow a cm-sized
cal possibilities. single-grain QC under equilibrium conditions with the right
(1) Neutron-scattering length©ne of the unique advan- stoichiometric composition from the melt. Millimeter-sized
tages of neutron scattering is that it allows one to exploisamples can be obtained, useful for instance to make
strong constrasts that may arise between scattering lengths possbaué¥ studies at dedicated beam lines of third-
different isotopes of the same chemical species. For instanageneration synchrotron sources, where the high brilliance
the contrast between the hydrogen and deuterium cross seand the reduced beam size enable one to study the scattering
tions has been profusively put to profit in studies of organicfrom tiny samples. But neutron triple-axis experiments are
systems in soft condensed maftefable I lists the values of not feasible with such small QCs. Lograsso and Delzhey
the incoherent and coherent neutron-scattering cross sectiohave produced large single grains of Al-Cu-Fe, but they are
for Al, Cu, Fe, Mn, and P! We may note that all these of lesser structural quality. Fortunately, in the case of Al-
elements have a negligible incoherent contribution, such tha#in-Pd it is possible to grow large single grains from the

B. Al-Cu-Fe and Al-Mn-Pd quasicrystals
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TABLE Il. Summary of atomic-hopping results.

Sample I (nev) Atom E, (meV) d(A) Axis References
i-Alg,Cls €1 5 2.5/4 Fe - - - 2,4,8°
i-Alg,Clis €5 5 55 Cu 750 3.9 - i1
i-Alg,Clis F € 5 250 Cu 450 <2 - 1°
i-Alg,Clis F€r 900 All - - - 1°
B-Al5ClsFers - None - - - r
i-Al g, Clpg €11 64+35 (Cu) - - - 5cd
r-Alg2,Clbs €11 64=35 (Cu - - - 5¢d
a-Al 558i7CU25d:elzs - None - - - 5:
i-Al70Mng Phy 4 25 (Mn) - - - 6
i-Al 70_J\An8_3pd21.4 200 (Pd) 270 ? ? 6°
i-Al;o Mng Phy 4 400 (Pd 170 3.8 3 6°
i-Al;o Mng Phy 4 400 ? 170 ? 3 (o
d-Al7;Co;Niy5 365 Not Ni 553 <2 - 8°
d-Al7;C0o;Nis5 150 Ni - - - &
Ti4eNiyZragH1s0 140 H 130 <2 - 70,7%f
TigsNig7Zr35D160 140 D 92 <2 - 719

a8Viosshauer spectroscopy.

®Neutron backscatteringN16).

°Neutron time of flighttMIBEMOL).

9This sample was obtained once in the rhombohedral and once in the icosahedral phase.
®Neutron triple axis(4F2).

fNeutron time of flight(TFXA).

9Neutron time of flight(IN6).

liquidus by drawing methods. For this alloy the determina-isotopic dependence about the atomic species involved in the
tion of jump vectors on a triple-axis spectrometer is thus ngumps.
longer impossible. The isotopic studies in Al-Cu-Fe by neutron scattetihg
(3) Practical consequence#\-Cu-Fe and Al-Mn-Pd of-  and by Masbauer spectroscapyrevealed that Al, Cu, and
fer some complementary possibilities, which we have used t@e are jumping on different time scales. At least four differ-
reach a global coverage of all aspects of atomic hopping int characteristic times have been detected. Each of these
QCs: isotopic substitution has been performed in the systerjrlljmpS was further documented in terms of Ttand Q de-
Al-Cu-Fe, where we were restricted to the use of powdependence(Some results on approximant phases with natural
samples. On the other hand, no isotopic contrast is at hanq i8otopic compostions were obtained as welll this is sum-
Al-Mn-Pd, but we have been able to make an extensiVenarized in Table II. The prime interest of the isotopic results
triple-axis neutron scattering study on large single grainsis that they vindicate our interpretation of the quasielastic
which we are reporting here. It may be worth noting that ingjgnals in terms of phason hopping. As this assignment was
decagonal systems, it has become possible recently to comnathema for a long tim@,it is worth reminding the reader
bine both approaches in one system: In Al-Co-Ni largeog jts justification. Quasielastic Lorentzian-shaped signals as
single-grain se}amples can now be produced by floating-Zone ghserved by neutron scattering can in principle arise ftom
or flux-growt*® methods and there are opportunities for iso-gyperimental artifacts such as the presence of hydrogen in
topic substitutions in the Ni element. the sample,(2) paramagnetism(3) an (exotic) vibrational
density of states(4) rotational diffusion of molecules5)
Il SYNOPSIS OF PREVIOUS RESULTS meltiljg lof the samplg6) translational diflejs.iqn, o(7) local .
OF HOPPING STUDIES atomic jumps. A number of these possibilities can be dis-
carded based on specific arguments. E.g., paramagnetism is
In this section we would like to present a short chresto-not probable in our samples since they have been checked by
mathy of previous results. The aim is to provide the readesuperconducting quantum interference devB8®UID) mea-
with some necessary background. The intensities and theurements, which revealed that they were not magnetic.
widths of the Lorentzian signals that occur in the quasielastidvioreover, the quasielastic intensity does not follow the re-
structure factors such as given by Efj) can be studied as a quired typical magnetic form factor. Finally the temperature
function of Q, temperaturel, and isotopes. Th€ depen- dependence of the quasielastic signals can not be explained
dence contains information about the geometry of the jumpssasily in terms of magnetic interactions within the sample.
the T dependence about the energetics of the jumps, and tHgut the isotopic results address almost all the isglips(7)
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simultaneously. The 5peV-wide quasielastic signal that
has been measured in isotopically enriched and natura
samples of Al-Cu-Fe had an intensity that was directly pro-
portional to thenuclear Cu cross sectionin the sample. It
can thus not be due to hydrogémhich has a different cross
section, paramagnetisnfwhich should follow amagnetic
cross section a density of states, or melting of the sample
(which should involve all atomic species on comparable time™
scaleg. Rotational diffusion of molecules can be excluded on
physical groundsviz., binding energigs such that an inter- 0 mdacerllt™ . s oLaRi e
pretation of the results in terms of atomic hopping is the only Channel number " Energy (TH2)
possibility left over. It remains at this stage then an open

guestion whether this hopping entails long-range transla- . , . . . , . , .
tional diffusion or otherwise. In view of these arguments the I —— — 4 ]
existence of phason hopping has now been universally ac MIBEMOL
cepted within the QC communfty ®® (see also Appendix 1200 .
A).

As mentioned above, the results in Table Il can be used
(with due precautionto develop some sense of the nature of
the atomic jumps in Al-Mn-Pd, where similar jump times
have been identified.

Both in Al-Cu-Fe and in Al-Mn-Pd powder experiments
the T dependence of the quasielastic signals systematically 400
reveals the same unusual behavior. It is equally manifest ir
the decagonal phase Al-Co-NRRef. 8 and even in the lo-
calized hydrogen dynamics within the compounds , , , , , , , .
TiNizr-H./%™ It has been interpreted in terms absisted 360 380 400 420 440
hopping. The intensity of the Lorentzian quasielastic hop- T.O.F. Channel number

ping signal exhibits an Arrhenius law, while its widih s FIG. 1. Comparison of the elastic resolution functions of a num-
practically constant with temperature. This is the opposite ofer of instruments designed for inelastic neutron scattering: the
the conventionally observed temperature dependence, Whejighe-of-flight spectrometer MIBEMOL(LLB, Saclay, the back-
itis I' that shows an Arrhenius behavior afdhat remains  scattering spectrometer INIOLL, Grenoble, and the triple-axis
constant withT. This statement applies to both localized spectrometer 1TLLB, Saclay. Note that the two lattefwhich use
hopping and long-range translational self-diffusion. In Ref.crystals for energy selectiprexhibit wings, while a zoom onto the
72 a model for the assistance has been developed and diset of the resolution function of MIBEMOL shows an almost ver-
cussed. In this assistance scenario, the atom that is a candizal edge, which offers a very precise distinction between elastic
date for jumping is arrested in front of a “closed door” and inelastic scattering.

(which is typically a high-energy barrierThe energy neces-

sary to open the door is called the assistance energy. Oneggple the signals expected by various model calculations. We

the door is open the atom can jump lissomely between th;ill now dwell on both aspects of this preparation.
two sites of the double well, since now it has to leapfrog only

a very low residual potential-energy barrier. At low tempera-
tures, most of the local atomic configurations are locked. A. Exploratory TOF survey
When the temperature increases, the assistance mechanism iS(al) In a triple-axis or backscattering spectrometer the
activated, and theumberof favorable configurationgex-  resolution function has a physical origin, viz., the Bragg re-
cited states where the jump has become possibtgeases, flection from a crystal. Consequently, it is not triangular and
giving rise to an increase of quasielastic intensity. The assisgne can hit a problem of “contamination of the signal by
tance energies extracted from the Arrhenius-like plot for thes|astic scattering” for small energy transfers, due to the mo-
intensities span the range of values from 150 meV to 75Qaicity of the crystal. This contamination can become a ma-
meV, such that they are compatible with assistance mechgor opstacle if one wants to discern weak signals in the vi-
nisms based on phonons or phason clouds. cinity of strong Bragg peaks. In sharp contrast hereto, the
shape of the resolution function of a TOF spectrometer such
as MIBEMOL is triangular as its origin is predominantly
IV. PREPARATION OF THE EXPERIMENTS geometricgl or mechanical. It stems from the passing of t_he
chopper window through the neutron beam. Signal-to-noise
It is not realistic to begin a triple-axis neutron-scatteringratios S/N of 10000:1 can be achieved, which means that a
experiment without some preliminary studies. We havesignal as weak as 10 times the elastic peak can be detected
therefore based our search strategy on two golden rules @iist next to its foot. Such ghostly signals will almost cer-
conduct:(a) performing first a global prospecting search in tainly elude detection on a triple-axis spectrometer or on a
reciprocal space by TOF quasielastic-neutron-scattering eXfOF spectrometer using crystals for energy selection. These
periments on powders arftl) nailing down as much as pos- arguments are illustrated in Fig. 1, which shows the resolu-
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tion functions for a representative choice of spectrometers. ltemperature. This kind of search strategy would be invalu-
the worst possible case one might even be constrained tble in a soft-mode scenario for a structural phase transition,
work with an oriented single-grain sample on a TOF specbut it constitutes a counterproductive sidetrack in the case of
trometer, sacrificing on th® resolution. phason dynamics in QCdRef. 74 since it starts from the
(a2 A triple-axis spectrometer is also very selectivedn wrong image. One cannot seriously uphold the idea of a
space. Before zooming into a particular location in reciprocafjuest for additional or alternative scripts of the phason dy-
space it is instrumental to take first a global “picture” on a namics, as we have amply pleaded in Ref. 72: In reality, the
TOF spectrometer in order to get a crude idea on where tdiffuse scattering will appear in all together different places
start looking(somewhat in the same way as a powder dif-in Q space than the signature of the phason dynamics. Also
fraction experiment prepares a run on a four-circle diffractotechnically, such an approach bears little chance of success.
meted. This can be already time consuming in its own right: As has already been pointed out above, the presence of
whereas runs with an incident neutron wavelength of 8 Astrong elastic scattering is more a nuisance than anything
were quite successful in our study of Al-Cu-Fe, they wereelse during a search of quasielastic signals on a triple-axis
not with Al-Mn-Pd® and it took patiently varying the rel- spectrometer.
evant parameters in order to figure out the proper experimen- (b2) Figure 2 shows the resultander the form of contour
tal conditions for the investigation of the quasielastic signalsplots) of calculations of the quasielastic structure factors for
Even if one were looking at the right place, on a triple-axisthe most simple models of atomic jumps along twofold,
spectrometer the signal could still be overlooked if the enthreefold, and fivefold directions, taking the corresponding
ergy width of the constar scan were chosen too narrow lengths of the jump vectors from the model of Katz and
with respect to the width of the quasielastic signal. Gratias®® They just materialize the philosophy that if a jump
To summarize these two points related to our first rule ofoccurs along an axis of symmetry, an equivalent jump must
thumb: In the initial stages, the serendipity to spot quasielasalso occur along every other axis of the same symmetry.
tic signals will be greatly enhanced by making first explor-Thus we have calculated sums:
atory surveys on powder samples with a TOF spectrometer.
Without such prior information the whole exercise might
start looking like a search for the proverbial needle in a hay- Sqel(Q)=
stack. We have made these prerequisite experiments, and re-

ported them in Ref. 6. The ensuing results have taught us thﬁheredi are theny= 30/ jump vectors along the-fold di-
following: (1) T_he quasielgstic intensity is more intense at,gctions. Each termi[ 1—cosQ- d;)] is a structure factor for
large qlln particular, no signal could be detected beIQN. a single jump between tweéenergetically equivalent sites
=2 A" (2) The energy scans must cover at least the inseparated by a jump vectdr. Also shown in Fig. 2 are the
terval[-0.7,0.7 meV. Indeed two signals have been ob- symmetry axes of the QCs and three concentric circles cor-
served: a wider one with';=700 weV and a narrower one responding toQ=m/d, Q=3=/2d, and Q=2m/d. The
with I';=200 weV. (3) The energy resolution has to be migdle one Q=23/2d) corresponds to the relation between
good enough to render the observation of a 2@0/-wide  jump distance an® in a powder sample. These models as-
signal feasible. On the other hand, one will be forced togyme that the neutron-scattering process is incoherent, which
degrade this resolution when one wants to measure the widgy general may be a fallacy: e.g., in the case of Al-Cu-Fe, the
component. To satisfy both criteria the triple—ax_is spectromgy, signal observed in the 50-20@eV resolution range is
eter has been used in two different configuratiésese be-  mgainly coherent. Therefore, we also engaged in calculations
low). The best condl_tllons are achieved with final wave vecf 53 model for coherent scattering signals, with jumps along
tors k=164 A" (AE=100 neV)  and ki  twofold directions, taking into account the correlations be-
=1.97 A™* (AE=200 peV). Keeping the final wave vec- tween various atom&. It is inspired by the model of Katz
tor constant has the advantage that one works with constaghd Gratiad®3® which foresees that the Cu atoms in Al-
detector efficiency. Cu-Fe build constellations of 7 atoms distributed over the 20
vertices of a dodecahedron according to two simple rylgs:
two Cu atoms should never be first neighbors, &dtwo
Cu atoms should never occupy opposite positions on the
Our second golden rule is motivated by the following dodecahedron. All jumps are allowed provided these two
considerations. rules remain always respected. The jumps in this model oc-
(b1) We must insist on the fact that tiig¢ window for the  cur along the edges of the dodecahedron, i.e., along twofold
observation of phason dynamics be dictated by a quasielastdirections. The various possibilities for the atomic jumps
structure factor such as expressed, e.g., in @9. The take the system on a trip through a configuration space that
premise for this statement is the hopping paradigm for phaeontains in all 200 members only. The detailed elaboration
son dynamics advocated in the Introduction, which has beehas been decribed elsewhérdits results for one specific
firmly established by the previous results of our work, re-(but immaterial choice of jump times are shown there in a
lated in Sec. lll. Searches for phason hopping by de Boissiefigure. Comparison with Fig.(2) shows that the refinement
and co-workerS on the triple-axis spectrometer 4F2 of the obtained by adding longer-distance correlations into the
L.L.B. in Saclay and on the backscattering spectrometemodel entails only minor corrections.
IN16 of the I.L.L. at about 1.55 Al took guidance from the Moreover, if the assistance scenario is the correct expla-
presence in that region of diffuse scattering attributed to phanation for the anomalous temperature dependence of the
son strain that disappeared graduadbwyt reversibly at high  quasielastic signals, then this may provide us with a second

;1 [1-codQ-dy)], )

N[ =

B. Heuristic jump models
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FIG. 2. Contour plots of quasielastic structure factors for simple models of jumps in symmetric double-well potentials orient&) along
twofold (jump distanced=2.95 A), (b) threefold @d=2.56 A), and(c) fivefold (d=2.8 A) axes, as described in the text. The three
concentric circles correspond @=2=/d, Q=3w/2d, andQ= 7r/d. The twofold, threefold, and fivefold axes are also shown. The contour
lines correspond to integer numerical values, with increments of 1. The greyscale code is shown at the bottom of each figure, going from left
to right; e.g., the first shade on the left codes numerical values between 0 and 1.

motivation to stick to the more simple models. Indeed, it75 since the underlying treatment foregoes the possibility of
may take a long time to build up the favorable environmentan assistance mechanism. The intermediate quasielastic scat-
that unlocks a given jump between two neighboring sitestering functionS(Q,t) will to a good approximation be an
The opportunities for the assisted atom to leap even furthencoherent sum of one-Lorentzian structure factors
to a second-neighbor position could be very few and far be¢F;(Q,t) 7 (Q,0)), where F;(Q,t) is the Fourier transform
tween, as in principle they require two assistance conditionsf a configuration with labgl at timet, and the two configu-

to be fulfilled simultaneously. Consequently, within the rationsj andk can be obtained one from another by a single
model of 100 constellations alluded to above, the time beatomic jump. The effect of assistance to the jump process
havior will no longer be represented by the exponential ofshould tend to make the second-order correlation times, cor-
the 100< 100 jump matrix we calculated numerically in Ref. responding to processes that comprise more than one step on
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b

the connectivity diagram in configuration space, inaccessibly «
long. Solely the simplified models have thus been used as <
guide for the searches of quasielastic intensity. g
As can be appreciated from Fig. 2, falt types of jumps
there is an intensity maximum in the form of a spherical shell
at about 1.7 Al If these calculations mirror more or less
adequately the experimental situation, then quasielastic data
taken on a single grain at theevalues will not be of any
more use than a TOF run on a powder sample, since the data
are isotropic and do not allow one to make a discrimination
between the various types of jumps. Very strong anisotropy
will only show up around 3 Al

y
ao

V. EXPERIMENTAL PROCEDURES

The single-grain samples have been prepared at C.E.C.M.
Vitry by the Czochralsky method. Their structural quality
has been controlled by neutron diffractidbaue methoyl 0 2

a
and they were checked to be monophasic. Two single-grain 20532 °

samples have been used. Unfortunately, the larger one be-(@) Q, (A"

came only available in a relatively advanced stage of the
experiments. The smaller one has dimensionsx Bb -

X7 mn?. It is the same sample as described in the diffuse °La- . . . —
scattering studies by Caudraet al’® The larger one was g R . .
more or less conical in shape with a base of 15 mm diameter . . . .
and a height of 50 mm. The composition of the samples was
Al;o Pd; Mngs. Measurements with a SQUID magneto- g ) : ¢ ®
meter on specimens of identical composition have shown . .

that the phase studied is not magnéfighis is further borne o |:||:' . . .
out by the absence of a quasielagparamagneticsignal at . = .

room temperature. The samples were cemented onto boron- 28 g ° ]
nitride supports and installed under vacuuiretter than * . A = :
10" ¢ mbay inside a furnace enabling a temperature regula- ‘ . 'q':’-, . ° .
tion to an accuracy of 1-2 °C. ¢ or _

The experiments have been performed on the graphite- - - . e
double-monochromator triple-axis spectrometer 4F2 in- m]
stalled at a cold-neutron beam port of the Ompheactor of
the L.L.B. at Saclay, France. The spectrometer was used in e .
the fixed final-wave-vectork;) configuration. A graphite fil- 00 e .
ter was used on the scattered beam to suppress contaminatior o
from higher harmonics. The data were taken using a curved (b) Q, (A
(PG 002 analyzer, in order to increase the counting rates.

This results in some loss i@ resolution, which is entirely FIG. 3. Binary scattering plane. Bragg peaks are flagged by
acceptable for our kind of study, where a rather slow varia—sf’“d circles, whosei(ilameter is proportlgnal to the |ntens|t|eisi Open
tion with Q of the signal can be anticipatédThe setup is  circles &=1.97 A%, small samplg triangles k;=1.64 A
equivalent to horizontal collimations of 25/25/48/48 min in SMall samplg and squaresk(=1.64 A™", large sampleare mea-
the Cooper-Nathans formalisfh.The energy step in the sured points. This plane is the same as in Fig. 2.

scans(0.025 TH2 was adapted to the energy resolution.

The samples were aligned in the beam in such a way thatc phonons(whose intensities scale with the intensities of
the horizontal scattering plane of the instrument correpondethe Bragg peakswvould also hamper a clean data acquisition.
to the superior right quarter of a binary plane of the Q&s [We may note that the quasielastic intensity is very small
can be seen in Fig.)3Such a quadrant contains all types of (1-5% compared to the diffuse elastic scattering far from
high-symmetry axes of the system, and is perpendicular to the Bragg peaks, which itself is of the order of 1% or less of
twofold axis. The two twofold axes within the scattering the Bragg intensitie$.
plane define the coordinate axe®,(Q,) in reciprocal We carried out four series of experiments, amounting to a
space. The more intense Bragg peaks of the Al-Mn-Pd sydotal beam time of 2 months. The use of two different con-
tem are also indicated in the figure. As already mentionedfigurations affords the inspection of a large slice of recipro-
one has to avoid as much as possible to venture into the closal space, ranging from 2 to 3.4 A The experimental
neighborhood of these peaks because they are prone to ipeints corresponding to the constadtscans on the small
duce an important elastic contamination of our data. Moresample in the configuratioky=1.64 A~ are plotted as tri-
over, the presence of strong coherent signals from the acouangles, while open circles tag the measurements made in the
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configurationk;=1.97 A™'. Open squares situate the scans6é shows theQ dependence of the background levels as a
made on the large sample irka=1.64 A~! setup. At each function of Q2. The law runs linearly at smalD, and then
point we collected an energy spectrum measured betweemends off as it is modulated by the Debye-Waller factor. We
—0.7 and 0.7 meV, at two temperatures: 500[1@v tem-  might mention in passing that the incoherent phonon back-
perature(LT)] and 800 °Clhigh temperaturéHT)]. (In the  ground in a single-grain sample need not always to be iso-
experiments on the larger sample the LT runs were carriegtopic. This is due to the way the neutron scattering intensity
out at 400 °C rather than at SOOOC, as we had learned fror& related to the atomic motion by a Coup“ng te@ep

the expierence gained with the small sample that some réwhich also occurs in Eql)], wheree, is the polarization
sidual quasielastic signal still survives at 500FThe pur-  \actor of the phonon.

pose of the low-temperature runs was to validate the pres-
ence of quasielastic intensity at high temperature by a
subtraction method. In fact, as outlined in Sec. IV, it can in
principle be hard to tell apart a quasielastic signal from the
wings of the elastic resolution function. In a subtraction of A. Basic philosophy
the low-temperature data from the high-temperature data
such wings should show up as negative intengitye to the
Debye-Waller factor, while the presence of quasielastic in-
tensity should be revealed by a positive sigtsde Fig. 4.

VI. DATA ANALYSIS

' The data analysis is performed in several consecutive
steps.
(1) The first parameter to determine is the quasielastic

The low-temperature run thus serves as a background meg/_idth I'(Q). Preliminary fit results indicated that the signals
uld be analyzed keeping(Q) constant and equal to its

surement. After each change of temperature the 20/32 Bra . :
ean value for a given value @. In a first approach the

peak was scanned ifi-20 mode in order to monitor the i f the data b inale L .
dilatation effects in the lattice parameters. These were the presentation of the data by a singie Lorentzian component
as to be seen as a conveniewt hoc parametrization. It

automatically corrected for in the subsequent scans. Typic . :

run times of a scan were of the ordef 4 h for 51 dafa cannot be excluded priori that more than one width could
points. Some more demanding scans, in points with very

weak quasielastic intensity, lasted for 8 h. The size of the 20— ——T——T——T T T T T
incoming beam was reduced by vertical and horizontal dia-
phragms such as to optimize the signal/noise ratio betweel

the scattering from the sample and from its environment. i 2 - fold axis quasielastic|
The fit procedures are very sensitive to the background® 1Ql=2.85A" intensity

levels(see below. Therefore we measured directly the inco- 5

herent background by selecting a pointat —0.13 Thz in § counts

energy and counting the total intensity as a function of tem- > 100 -

perature. Several point€)(w) were included in this evalu- 2 incoherent

ation of theQ dependence of the background. Figure 5 illus- g background

trates the method. Two distinct temperature regimes can be—
clearly observed: at low temperatures the intensity follows a
linear law. The phason jumps are not yet activated, and only
the incoherent phonon background contributes to the signal background
At high temperatures, the intensity is the sum of the back- 00 ' 2(')0 ' 4(')0 ' 6[')0 ' 300 ' 10'(;0 ' 1200
ground signals and the quasielastic intensity arising from the

jumps. By extrapolating the low-temperature law in a har- T(K)

monic approximation, one can quantify the incoherent con- g, 5. Determination of the incoherent phonon background.
tribution at high temperature. The raw data can then be fittegtne intensity at point |Q|=2.85 A%, w=—0.13 Thz) on the
more reliably by using this information. The difference be-twofold axis as a function of temperature. At high temperature the
tween the high- and low-temperature readings of the incohelsignal consists of a constant background, an incoherent background,
ent background gives the values that must apply for them imnd the quasielastic signal. The difference between the intensities at
the fits of the HT-LT subtracted data sétge beloyw. Figure 800 and 500 °C is 30 counts.
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B. Elastic and phonon background

The correlation between the fit parameters of the strong
elastic and the weak quasielastic signals introduces huge un-
certainties in the determination of the quasielastic widths and
intensities. To avoid an optimization of the elastic peak pa-
rameters at the detriment of those of the quasielastic line, it
is necessary to exclude the elastic peak from the fits. The
width I" of the quasielastic signal can then in principle be
determined with good precision. Nevertheless, the fits on the
raw data can remain trickye.g., due the presence of the
phonon backgroundWe have tried also to fit the subtracted
data sets: In the subtraction of a low-temperature run from a
high-temperature run, the quasielastic component is not af-
fected, but incoherent or coherent phonon backgrounds can
to a great extend be eliminated. In the central-peak region,
the result of the subtraction is negative due to the Debye-
Waller factor. The fit is thus done only on the wings of the
Lorentzian signal, as shown in Fig. 4. But the drawback of a
fit to a subtracted data set is that the statistical accuracy is
severely impoverished. The anisotropy of the intensity can
no longer be detected within the statistical precision as
shown in Fig. 7 aQ=2.85 A which may be compared to

the nonsubtracted data shown in Fig. 8.

FIG. 6. Background vsQ?. In the measurements in the
=1.64 A! setup the dependence is linear. At lar@evalues the
Debye-Waller factor enters the game.

C. One or two Lorentzians

In a first step we analyzed all raw spectra with a single

be present at a given value @, but the statistics and the Lorentzian component. The =1.64 A__l data indicated the
resolution hamper the extraction of such detailed informatiorPresence of a 40@eV-wide signal. Figure 9 shows th@
from the data. dependence df on a crown and along th®, axis. Taking

(2) By comparing the intensities of the points located on ainto account that values obtained at IGwend to be slightly
same crown of constan)|, it is possible to study jump underestimated due to the weakness of the signal, it appears

anisotropies. We focused our attention on the intensities othat the width does not vary witQ. This value of 400 ueV
four  crowns: |Q|=2.65 Al |Q|=2.85 A", |Q] confronted us with a thorny problem. In our earlier work on
=3.2 A1, and|Q|=3.4 A 1. The crown at 2.85 Al has powder samples with the TOF spectrometer MIBEMOL
been studied in the twd; configurations and with two (Ref. 6 we reported two signals with widths=200 ueV
samples. The motivation herefore was to check the experiand I'=700 ueV, respectively. The intermediate value of
mental methods and to evaluate the influence of resolutiod00 weV obtained from thek;=1.64 A~ triple-axis data
effects on data treatment. thus suggested that it could result from the presence of both
(3) By grouping points belonging to the same symmetrycontributions within the spectrum. The triangular resolution
axis (or the same radial line between symmetry axésis function of the TOF spectrometer is certainly better suited
possible to determine radial intensity profiles, which are im-for a precise determination of a width. However, with a
portant for the evaluation of the jump distances. Measuresingle-grain sample the coherent phonon background is con-
ments atk;=1.64 A ! covered the region between 2 and fined to a single specific place at eaQhvalue, and one can
2.85 A"l Measurements ak;=1.97 A ™! extended this spot manyQ values where it does not spoil the correspond-
area upwards to 3.4 A&. As mentioned before, overlapping ing energy scan at all. In the TOF data the phonon problem
zones shouldat least in principlgallow one to cross-check becomes really bothersome at higl@values. After scrutiny
the data on reliability and reproducibility. of all elements we finally reached the following conclusions:
(4) After grouping together and analyzing the data, an(1) The 200ueV-wide component observed with MIBE-
interpretation in terms of atomic jumps can be envisaged bMOL is so weak that it escapes detection in the triple-axis
comparing the results to the model calculations of Sec. Ivscans under the present conditions of resoluti@. The
Each intensity profile—radial or along a crown—is com- width of the wide component cannot be determined reliably
pared to the theoretical profile obtained from jump simula-from the TOF data, due to a lack of statistics and due to a
tions along twofold, threefold, and fivefold axgsqg. (2)]. genuine problem of phonon background contamination. The
These are the ingredients for the data analysis. HoweveMIBEMOL data are equally well fitted with any value for
complications in the fit procedures arise due to two circumthe width in the range 400-70@.eV. (3) Given the excel-
stances:(1) The presence of other components than thdent quality of the fits in theé;=1.64 A1 triple-axis data at
quasielastic signal in the spectra, viz., thery strong signal 2.85 A™* we conclude that the best value fdr is
of the) elastic peak and éalso rather strongphonon back- 400 weV. We must thus admit that our quotation for this
ground, and?2) the possibility that there could be more than width in Ref. 6 has not been sufficiently cautious and is in
one quasielastic signal. error. These conclusions are further corroborated bykthe
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=1.97 A ! data. First of all, they could also be fitted with ~ The k=1.97 A" data A fit with two components is
this value, and furthermore =2.85 A ! they resulted in good, buta comparable agreement with the data can be
the same angular dependence of the intensity, as can be vepbtained considering only the wide componédi the other
fied in Fig. 10. Moreover, the possibility that thk;  hand, the 200ueV signal alone is not suitable. This is illus-
=1.97 A ! data could contain some contribution from the trated in Fig. 12.

200 weV component can be dismissed on the basis of the However, in such a two-component analysis, the results

resolution which is too coarse. for the intensity of the wide component in the tlpsetups
at Q=2.85 A1 no longer match. This is a further valida-
D. Trials of a two-Lorentzian analysis tion of our one-Lorentzian analysis.
We may mention that in order to tackle the dilemma of
the number of Lorentzians we also tried to fit our data with VII. RESULTS
two Lorentzian signals4; and£,). Unfortunately, the weak
intensities preclude such an analysis, leaving the parameters A. Crowns of constant Q

completely free, and the fit program does not converge.

_ L . .
Therefore, we were forced to perform the two-Lorentzian fits 1. Q=285 A™%: Comparison of the three experimental setups

keeping the width parameters fixed. We chookg The crown at|Q|=2.85 A™! has been measured three

=200 peV andl',=700 weV on the basis of Ref. 6. times, under different conditions, to check the reproducibility
The k=1.64 A ! data Figure 11 shows that the best fit of the data. It was measured &=1.64 A"! and k;

is obtained with a combination of; and £,, with a domi- =1.97 A™! with the small sample and &;=1.64 A!

nating contribution arising from the narrow component. Ana-with the large sample. Thies=1.64 A~! data for the large
lyzing the same data witli; alone, orZ, alone, leads to less sample with the corresponding fits are shown in Fig. 8. The
satisfactory results. k;=1.97 A ! data with their fits are shown in Fig. 10. The
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same general shape is observed in the two diffdteaétups. The other crowns @=3.20 A'! and Q=3.40 A %)
It is typified by strong minima on the fivefold and threefold were measured in thik;=1.97 A™! setup with the small
axes, as shown in Fig. 13. sample. The spectra are shown in Figs. 14 and 15. The fits at
Q=23.20 A ! were difficult and the values for the intensities
are more qualitative in nature than at 2.65 and 2.85'.A

In the same Fig. 13 we show similar results for the crownDisentangling the phonon background faces insuperable
at Q=2.65 A! (k=1.64 A ') obtained with the large odds at 3.4 A! such that for this value only the raw data
sample. Again minima are observed on the fivefold andare shown. An important point to be stressed is that already
threefold axes. in the 3.2 A data the tendencies in the dependence are

2. Results on other crowns
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80— T Data comparisonFigure 19 compares the radial profile
1Ql = 2.85 on the twofold axis obtained with both experimental setups.
S 600} o _ After intensity normalization, the results appear to be con-
e I current, both evidencing the existence of a local maximum
o 400__+____+___+ ________ * _________ + ________ around 2.7 ﬁtl._ This agreement further comforts us in our
= strategy to confine ourselves to a treatment based on a single
T Lorentzian contribution.
< 200 1
oL . VIIl. DISCUSSION
0 20 40 60 80 A. Single-particle models
Angle ¢ (°) _ L. . .
We now would like to verify if the single-particle models
90— delineated in Sec. IVYEq. (2)] are able to provide a consis-
. ] tent description of our data. The first approach consists in
— 600} _ comparing the data to the models in a simplified fashion:
S | ] with models corresponding to a unique variety of jump, ei-
= P I A *__i___ ___+_ _____ ther along twofold, threefold, or fivefold directions. If this
; +' does not lead to satisfactory resulésxd we will shortly see
5 [ that this is the cagewe must allow for the fact that a number
'§ 200 + l T of different jumps may coexist in a spectrum, such that each
- intensity profile results from the combination of several el-
P T RO S ementary jumps. The number of jumps to be taken into ac-
20 22 24 26 28 30 count, their distances, their directions, and their relative
Momentum transfer Q (A‘1) abundances are all unknown. The theoretical intensity must

then be expressed as
FIG. 9. Q dependence of the Lorentzian widkh Left: on the
|Q|=2.85 A1 crown. Right: along a twofold axis. The width is
constant within the experimental precision and equal to 4G6/. T4el(Q)= Z aZ;(d; ,Q), ©)
Data taken with small sample. !

completely inverted with respect to those observed afVhereé; denotes the abundance afdd; ,Q) the quasielas-

2.85 A 1 The angular dependence now shows maxima ofiC Intensity for a class of jumpswith symmetrys; over a
the fivefold and threefold axes. distanced; . We must of course obtainglobal concordance

In conclusion, two angular profiles with distinct shapesWith the_ data. It is not sufficient to getlacal neat agreement
have been observed. on an isolated crown. The angular and the radial depen-
dences must also be mutually consistent. This is a very pow-
erful and significant constraint, as we will very soon find out.

_ _ - The problem of fitting the data with this expression is
_The radial profiles seem to be much less sensitive to degomplex, because only a limited number of experimental
tails of the fit procedures. They could still be deduced fromdata points are available and a |arge number of parameters
subtracted data sets. We present results obtained with thfay enter into the considerations. Moreover, the value of

small sample. _ . ~this number is not known.
ki=1.64 A ! data Figure 16 gives the results obtained

along various radial axes. The intensity grows continuously
with the modulus of), but theQ window is not wide enough
to reach a first local maximum. Only the measurements on The agreement between the data and the simple single-
the twofold axis indicate the existence of such a maximunparticle models is not satisfactory. In Fig. 20 we show the
around|Q|=2.7 A%, theoretical profiles aQ=2.85 A~ ! for various jump dis-
k;=1.97 A ! data The main interest of this second con- tancesd; [1,5] A. The local minima in thep dependence
figuration is to extend th® range up to 3.4 Al. Figure 17  along the crown at 2.85 A do not tally with the theoretical
evidences how a local maximum is reached on the twofoldgescription. Only jumps along twofold directions are able to
threefold, and fivefold axes, and also along some intermedireproduce the strong minima observed, but they require to
ary direction between the threefold and fivefold axes, forinclude a negative contribution that is constant withwhich
which the maximum is particularly well marked &Q| is unphysical. In other words, this means that the peak/valley
=2.8 A . Figure 18 shows the corresponding spectra. Al-ratios in these data are stronger than anything in the models
though this ensemble of data was polluted by a phonon corgan turn up. To quantify this, we can parametrize the data
tribution on the right hand side, the fit remained possible. In(less wel) by an expressiorC; +C,S;e(Q), where C;=
other cases, for instance, on the threefold axis, only a few-6.50, C,=0.89, andSy¢(Q) is given by Eq.(2) for two-
points could be analyzed. Moreover, no study along the fivefold jumps. These numbers are in the units used in Fig. 13.
fold axis could be performed due to the presence of the 18/29 An inspection of the models in Fig. 2 betrays quickly that
Bragg peak(a radial dependence has been measured close tge are running here into major hardship: For the three types
this axis, viz., atp=55°). of jumps it is quite conspicuous that moving out radially

B. Radial profiles

B. Failure of single-particle approach
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FIG. 10. Synthetic view of the
nonsubtracted data on the crown
at |Q|=2.85 A1 in the thek;
=1.97 A1 experimental setup.
These data were obtained on the
small sample. The intensity profile
is in concordance with the one ob-
tained in thek;=1.64 A~ setup,
shown in Fig. 13.

from Q=0 we must encounter a first local maximum in the far away, such that what we observe in that point is produced
intensities in the form of an almost isotropic spherical shell.by overlapping contributions from several axes. This has the
The reader may spot this feature on the circles correspondingffect of smoothing out the anisotropy. Only when we go
to Q=3m/2d. We already pointed out the existence of thesefurther out inQ is the importance of this overlap phenom-
local maxima in Sec. IV. Their appearance is largely due teenon tempered and can we start to clearly observe some an-
the high symmetry of the icosahedral group: in a given poinisotropy. The problem is now that our data do not display
at low Q there are always several symmetry axes that are nauch an almost isotropic first local maximum in the intensi-
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FIG. 11. Analysis of the data
of the ky=1.64 A1 experiment.
Left: description of the data with
two Lorentzians of widthsI';
=200 peV and I',=700 weV.
Center and right: one-Lorentzian
description.



6282 CODDENS, LYONNARD, HENNION, AND CALVAYRAC PRB 62

16004 k=197A71 T=815°C | k,=197A" T=815°C | k=197A7 T=815°C |
— FIG. 12. Analysis of the data
@ 1400+ 4T, = 200 peV/| ' =200 peV] of the k;=1.97 A~ ! experiment.
S 1200+ 1T = 700 ueVl ' 1 Left: data described with two
s] 112 e L . _
S 1000 - 4 orentzians  of  width TI';
> 800- | | =200 peV and I',=700 ueV.
B The description with theT,
S 6007 i ] =700 eV contribution alone
400 SN . PO W y 1 (centej is of comparable quality.
200 _____ R & | e B 4 The description with theT';
ol . ' 1 . . 1 . . . =200 wpeV contribution alone is
05 0 05 05 0 05 05 0 05 not satisfactory.

Energy transfer (THz)

ties. On the contrary, the first strong intensity we comeHence, such models do not offer a description of the particle
across is exhibiting the most striking anisotropy in the wholeon its way in between the two minima of the double-well
data set. This feature must doom every attempt to reconcilpotential. It is assumed that such information will not be
the radial and crown dependences to failure. reflected in the data if the jumps are occurring on very short
We are thus getting stuck in a paradoxical situation. Thergime scales. This is called the white-noise approximation.
is an alternative path to come to an appraisal of this circumThjs conceptual drawback has been challenged by Michel
stance. One can try to fit the data@t=2.85 A™* by brute  anq his co-workef8 who developed a much more sophisti-
force with an analytical model: cated approach using an elegant formalism of symmetry-
_ adapted functions. The ensuing mathematical expressions for
Tqe=CF azTy(dy) + asTy(ds) + asTe(ds), @ the intensities are rather intractable. We have segn that in the
where the indices 2, 3, and 5 now refer to jumps along thexssisted situation the atom sees a very low potential energy
tWOfOId, threef0|d, and fivefold directions. This does not barrier. Could it be that the hopp|ng atom has Comparab|e
work. Every hope to reproduce the single intensity profile atyropapilities to be probed everywhere within a tube that links
Q=2.85 A™* by linear combinations of the three different the two sites, such that our data would contain information
jump models is thwarted by the fact that only models withihat corresponds to snapshots of the scurrying particle on its

jumps along the twofold axes can reproduce angular inteng .y in hetween? If this were true, the situation would be

sity minima, and that, as we already mentioned, these are nB?etty hopeless, since it would ask for the knowledge of a

steep enough. detailed picture of the atomic potential in the assisted state in

One can try to speculate as to what could be the reason for it furth . hat th
this impasse. We could, e.g., imagine that the widtbf the qrder tp permlt. urther Progress. Guessing w at these poten-
guasielastic line varies wit and that it becomes too small tials might be introduces in a sense a continuum of param-

at lowerQ values to emerge from the elastic resolution win- €ters, viz., th? vané’(_s) of the potent.|al at each point W't.h
dow, such that the detection of the isotropic first local maxi-SPatial coordinats inside the tube. Given the low potential

mum is missed. Such a loophole of escape from the Conc|Lparriers that are associated with the assisted state, we could

sions reached above would admittedly no longer corresponﬁttempt a flat potential. But a model based on this idea yields
to the model of Eq(3) to the letter. But even taking this kind aQ dependence that is even less satisfactory than the models
of freedom with scientific rigor hardly seems to hold a prom-We have developed so far. It displays very strong axial an-
ise of circumventing the deadlock. The results of the timedsotropy with radially running ridges and valleys that seem to
of-flight searches with an incoming wavelength of 8 A extend indefinitely to highQ values. Fortunately, it can be
[AE~40 peV full width at half maximum(FWHM)] are  said that thepractical approachembodied by the theme and
not encouraging. We were unsuccesful in picking up thevariations of Eq.(1) has consistently proved satisfactory
slightest indication for quasielastic scattering with a widthwithin the realm of quasielastic neutron scattering, even in
smaller than 200ueV. the cases of very fast motion such as rotational diffusion of

It should be mentioned that this trouble-shooting discrepmolecules. We dismiss thus the possibility of a failure of the
ancy is not an artifact that we could put on the back ofwhite-noise approximation based on Efj on two grounds,
overanalyzing low-intensity data: we have found it consis-viz,, likelihood and practical feasibility, the latter criterion
tently in three independent measurementQat2.85 A1, being admittedly not a scientific one.
It is also visible to the naked eye without one having re-
course to running fit procedures on the data.

D. Parametrization that works

C. Could the white-noise approximation be wrong? If it proves so difficult to elicit the anisotropy observed on

We could also question the conceptual approach based dhe basis of the model crystallized in Ed), despite the fact
jump models that are merely a kind thffeme and variations that it contains so many adjustable parameters, it must mean
on the canonical model expressed through @g. In such  that our data contain some very strong piece of information
models it is assumed that the jump time itself is infinitely that addresses a crucial point that hitherto has eluded our
fast. The relaxation times are average residence timeswareness. In our unsuccessful trials to fit the data, we



PRB 62 TRIPLE-AXIS NEUTRON-SCATTERING STUDY ®. .. 6283

Br—TTT"—T—"TFT"—T"—T] T T T

10 N

Normalized Intensity (arb. units)

0 20 40 60 80 100

B5r———T71Tr—T"—7T"T" ] T "] "7

-
o

Normalized Intensity {(arb. units)

o 2 4 e 8 100
Angle ¢ (°)

FIG. 13. Experimental intensities from the fits of the
=1.64 A ! measurements on the crowns|@=2.85 A1 (top)
and |Q|=2.65 A™! (bottom). The fits are made on the nonsub-
tracted datak;=1.64 A%, large samplewith only one Lorentz-
ian with a widthI'=400 ueV. The data are directly compared to
the “unreasonable” model fit of Eq5).

stumbled accidentallyby errop onto a very strange obser-
vation: The data aQ@=2.85 A™! are extremely well fitted
by an expression

10

1
Cy 2, 5[1+cogQ Coe)]+Cs, (5)

the elastic structure factorS,(Q) of a model for threefold
jumps rather than theuasielasticstructure factorS;q(Q)
=1-S,(Q). (The reader may remember that we pointed out
that the quasielastic and elastic structure factors obey a sum
rule) It should be emphasized that this is an alienating if not
absurd finding: &[ 1+ cos@Q-d)] dependence for the quasi-
elastic intensity is most unusual. We refer the reader to the
various jump models for a particle jumping betwedh
equivalent sites on a regular polygon treated by Beand
summarized in Table 6.2. on p. 200 of his monograph. We
also refer the reader to the model for jumps between two
nonequivalent sites, treated in the same work on p. 191. Fi-
nally, we refer the reader to the expressions derived within
the framework of our assistance model summarized in
Tables | and Il on page 1687 of Ref. 74. Hence, just like the
T behavior, theQ behavior of atomic hopping in QCs is
doing the opposite of what it ought to do. Can we figure out
why?

E. Elser's escapement model

We might consider the following idea that in its spirit is
reminiscent of a model conceived of by EIS&it raises the
possibility of an interesting link between th@ and theT
dependence. In this model we assume that the scene of the
dynamics is a two-winged structure with a more or less
dumbbell-shaped silhouette. The two wings are equivalent
configurations that are interlocked. If one wing is locked, the
other one is unlocked and vice versa. The system flips be-
tween the two situations with a long relaxation time. An
atom will be allowed to jump quickly during the time that its
surroundings define the unlocked part of the structure. But if
the balance is tipped and the atom finds itself within the
locked part, then the jumps are frozen. The idea would be
that the elastic structure factor corresponding to the average
dumbbell geometry could modulate the quasielastic structure
factor of the dynamics. In Elser's model each wing is actu-
ally a copy of our model of twofold jumps we briefly de-
picted in Sec. IV, and spelled out in more detail in Ref. 75.
Elser mused on a delightful analogy between this interlocked
situation and the functioning of a lever escapement in a wrist
watch, a clever mechanical device that was originally in-
vented by the Dutch physicist Christiaan Huygens in the 17th
century®! But of course Elser’s model is far too complicated
to be calculated analytically. Before going headlong into a
tedious numerical elaboration of it we first should try to vali-
date the idea that underpins it on a downsized model that
captures its essence.

This simplified model can be described as follo(gge
Fig. 21). We consider three double-well potentidl8, CD,
and EF, each housing one patrticle. The jump vectdrsf
two of the double wellsAB and EF are equipollent and
aligned along the opposite edges of a rectangle. The third
double wellCD has a jump vectow.l d. This double well
CD is positioned in the center of the rectangle. The length
is of course shorter than the distance between the two double
wells with equipollent separation vectais The escapement
that controls the swing of the pendulum is here the particle in

wheree!®) are the ten unit vectors along the threefold direc-the double wellCD: it blocks the jumps in the double well it
tions andC,=3.83 A. This is shown in Fig. 13. This means is closer to. The result of thicumbersomemodel calcula-

that the quasielastic intensity profileirsvertedand follows

tion is given in the Appendix B. The bottom line is that our
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§ =1.97 A"l experimental setup.

These data were obtained on the
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Normalized Intensity (counts)

'y
(=3
o

W

Q

o
T
1

-

Q

=]
T
L

Normalized Intensity (arb. units)
8
=
g
)

%20 40 60 a0
Angle ¢ {°)

efforts do not pay off: We obtaig[1—cosQ-v)] depen- We must tailor our jump models in such a way that despite
dences. Other incentives with a similar flavor came to théhe dynamics a separation vectbremains preserved within
same results. In fact our aim was to factorize the structurghe system with an unchanged neutron-scattering contrast. In
factor into a product of terms that are related to the characall the models we tried up to now, when an atom jumps
teristic distances involved in the slow and the fast dynamicsbetween two sites, the neutron-scattering contrast between
But this factorization takes place in the time domain ratheithe two sites is inverted by the jump. This leads te #ip of

than in the space domain. The jump matrix is indeed a Kroits phase and is eventually responsible for the appearance of
necker tensor product of two simpler jump matrices. But thethe nagging minus signs that kept popping up so stubbornly
Fourier transforms of two configurations just add up; they ddn front of the cosines within all the quasielastic structure
not multiply. Apparently we have not stretched our imagina-factors of the models we considered. We can only preserve
tion far enough and we are still missing the point. the phase of a contrast labeling a given separation vector if
we admit that two(or more atoms are jumpingsimulta-
neously such thad=ry—ry can be preserved with the same
neutron-scattering contrast under the new fodwry,

Our failure to seize the anomaloGs depencence of our —ry,. The simplest realization of this idea would be that
data within an approach based on Elser’'s model highlightéwo atoms jump in concert with equipollent jump vectors
the fact that any temporal variation of the neutron-scatteringX— X’ andY—Y’). We can appreciate that this will do the
contrast between two site$ and Y produced by an atom right thing by designing an almost trivial model. We imagine
jumping between them ends up being tagged by{a  two double wellsAB and CD with equipollent separation
—cogQ-(rx—ry)]} dependence. We finally reach the con- vectorsAB=CD=d, again aligned along the opposite edges
clusion that if we want to tease outal+ cos@Q-d)] factor,  of a rectangleABCD. The two remaining edges of the rect-

F. Correlated jumps
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angle define the perpendicular vecserAC=BD. When we ~ Miss such a paradigm highhandedly. Now our data seem to

assume that the two particles jump in phase with a relaxatioguggest that it has to be taken seriously.

time 7, we find (see Appendix € Perhaps we should emphasize the impossibility to derive

[1+cosQ-9)] dependences from a model with one-particle

jumps, even within the framework of a formulation that al-

lows for coherent quasielastic signals: In the relevant algebra

intermediate  structure factors of the forng;(Q,t)

7 (6) =(F(Q.,t) 7 (Q,0)) arise. HereF;(Q,t) is the Fourier
transform of a configuratiopat timet. One might anticipate
that if in the transition from configuratigrto configuratiork

1
S(Q,w)=20{1+cogQ-9)] 5[1+cos(Q-d)]6(w)

1
+§[1—cos{Q-d)]A(w)

where many atomic positions,,, r, ... remain the same, then
1 T Sik(Q,t) could lead to many terms of the typetTogQ
Mo)=————— -(rp—rm 1. The snag is that these contributions vanish in the
T I+ (how) final result. We have given a quite general proof in Ref. 83

as usual and is the cross section of the two jumping atoms.thaF th? correlanns betvyeen unaltered site occupations re-
main silent in the dynamical response for coherent models.

We may call this an exhilarating result. It defeats Elser’'s h q ikl f the aist of this idea f
model and everything else we expected based on our con]"€ éader can get an inkling of the gist of this idea from a

mon sense. In fact, an atomic jump is a stochastic process. h}@ndwa_\/ir_]g argument deyeloped in the Appendix D. Even-
is, e.g., triggered by the random thermal fluctuations of th ually this is also the culprit of the breakdown of our attempt

environment of the atom. We therefoaepriori never con- ased on Elser's model.
sidered the possibility of a choreography of simultaneous
jumps. As Elset we assumed that while a tile flip in a real
structural model would correspond to several jumps, these
would not occur simultaneously. The basic process in a real Both atQ=2.85 A ! and atQ=2.65 A ! the trial func-
QCs would thus not be a tile flip, but rather an atomic jump.tion of Eq. (5) works well with a values=C,=3.83 A. The
We thus implicitly rejected the possibility of several kinds of parameterC, replaces the “prefactor’;[1—cosQ-d)],
phason dynamics by combining elementary jumps into variwhich is warranted by the reasonable assumption dhist
ous levels of hierachy, building phasons, superphasons, etmyuch smaller thas, such that its angular dependence is still
although a number of scientists interpreted a model by Zegéasotropic at thes&) values. The qualility of the fits is not
and Trebifi? this way. One should rather be inclined to dis- significantly improved by including the global adjustable

G. Final remarks
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FIG. 16. Radial intensity pro-
files in thek;=1.64 A1 setting
of the spectrometer: only the data
along the(twofold) Q, axis reach
a local maximum within theQ
range available.

FIG. 17. Radial intensity pro-
files in thek;=1.97 A"' geom-
etry of the spectrometer: in all
cases a local maximum is reached
within the Q range available.
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constantC5. A constant contribution could have arisen from (1) The further we go out iQ space the more character-

another jump over a short distance. istic distances will contribute to the signal. It is well known
At this point our grappling with the interpretation of the from the structural models that we can expect a large number

data must grind to a halt. The radial profiles k&t of such distances. In the long-wavelength limit we were so

=1.64 A°' could be determined by=!° i[1+cos@Q 160 ————
-C,e®))], providedi[1—cosQ-d)] behaves approximately ot ]
as a constant. But this behavior does not reproduce the first 24591 ¢ =0° é* _
intensity maximum observed on tl@, axis both in thek; 5 | % |
=1.64 A ! and thek;=1.97 A ! data. g ¢

Furthermore, if we extrapolate the trial funcion of Ef) E 80 - + +o¢ 7
toQ=3.2 A1, we see that it still should exhibit minima on 2t ¢
the fivefold and threefold axes. This is not so in the data. The § 40 - .
general tendency is actually inverted: We are encountering = L
now maxima on the fivefold and threefold axes. In fact, we 0 , . .
can fit the crown at 3.2 Al again with a normal model 1.5 2.0 25 3.0 3.5

consisting of a constant and the function of E2) by as- Momentum transfer Q (A1)

suming threefold jumps over a distance of 3.4 A._This_rather FIG. 19. Radial dependence of the intensities from ke
abrupt change in the dependence of the intensities with  =1.64 A* (solid circle3 andk;=1.97 A~ (open circles mea-

is a renewal of the difficulties. We explored several lines ofsurements on the twofol®, axis. The intensities have been nor-
thought in our attempts to face this difficulty. malized with respect to each other.
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FIG. 21. Simplified model permitting one to catch the gist of the
escapement mechanism proposed by Elser. The atom is
blocked due to the presence of the atonCinwhile the atom inF
is free to leap to and fr& with relaxation timer,. A jump of the
atom fromC to D (with relaxation timer;) tips the balance, by
blocking atomF and unlocking atond\. The double welCD fulfills
the role of the escapement. In the full-fledged model both double
wells AB and EF must be replaced by a dodecahedron containing

seven atoms. Despite its profusive detail, this model is not able to
explain the intensities shown in Fig. 13.

300

fortunate to be able to discern the isolat@dlependence of
one such intrinsic distance. From 3.2 A onwards there
could be more than one contribution present in the data. We
must then assume that there is a strong contribution from
- jumps along threefold directions in order to turn the minima
200F . into maxima as observed. But from Fig. 20 it may be noted
that to obtain pronounced maxima of this kind implies again
a rather large jump distance. As the model functions vary
rather smoothly withQ it is hard to see how this contribution
that dominates aQ=3.2 A"! can be entirely absent at
2.85 A 1. Even if it were compensated by the anomalous
contribution expressed by E), there should have been a
partC3#0 atQ=2.85 A %, which is barely the case.

(2) Another possibility could be that the factor 1
—cos@Q-d) in Eq. (6) starts to deviate significantly from a
constant at higheQ values. For each of the jumps with
vectord, there must be an associated threefold direc§on

Normalised Quasielastic Intensity (arb. units)

100 18] There is thus a correlation betwegrandd; which must be
R LRI LA R carried through by the symmetry operations of the icosahe-
; 1 dral group. Equation{5) is then no longer a good approxi-
b S L mation for the exact expression which rather should read
SR 10 1
: S(Q,w)=20i21[1+COE(Q-S)][§[1+COS(Q-di)]ﬁ(w)

.............................................. 1.2 B

___________ _ L

_____________________________________________ 1.0] +§[1_COE(Q'di)]A(w) . (7)

o) I W A A
0 20 40 60 80 100 If we assume that the vectods are along a symmetry direc-
Angle phi (degrees) tion, then there are 60 combinations to be explored, with an

unknown jump distance. Even if we were to find a magic
FIG. 20. Calculated intensitig)lEq. (2)] on the crown atQ, (.:Ombmatlon that works, it Wou.ld loo.kd hoc!n view of the
B 1 . . 1 limited number of data to validate it. But it does not look
=2.85 A! for jump distancesl; [1,5] A~! as labeled on the ) .

glausmle to us that any of the sums of the kind of Ed.

right hand side of the figure. The base lines have been shifted b Id mimick the eff fi ) he si in f fh
multiples of 20 in order to condense the various results into on ould mimick the effect of inverting the signs In front of the

single figure. Jumps along the twofdlsolid line), threefold(dotted ~ COSINes in the terms-#cosQ-s). In fact, all these terms are
line), and fivefold (dashed ling axes are each time shown. These Weigthed by positive numbefd —cosQ- d;) ].

curves correspond directly to circular sections through the contour (3) The correlations are even more complex. But we fear
plots of Fig. 2. The angler is measured from th€, axis. The that dreaming up more complicated models must be a losing
recipe to read the results for othe®(d) combinations from the battle. Our data are not good enough for a more sophisticated
figure follows from the observation that the only relevant parametegpproach and the number of possibilities is almost unlimited.
in the models is the aggregafd. Given the basic smoothness of the jump models, the sheer
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change in thep dependence witlQ observed in our data fuse scattering data. Capitat al® have demonstrated that

should prove an abiding hotbed of difficulties. the phason elasticity that explains the intensity contours
(4) Both the behavior atQ=2.85 Al and atQ around the Bragg peaks corresponds to deformation along

—3.2 A lindicate the presence of threefold jumps. But atthe threefold directions.

2.65 A ! the signal is collective, while at 3.2 & we have

the signature of individual behavior. It seems to us that the ACKNOWLEDGMENTS

most plausible explanation of the data would be that there is
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Such transitions are indeed abrupt: they depend on a critical
value of a parameter in the model. This is definitely a fasci-
nating possibility, but we have no clue as to how one could
substantiate it any further within the current stage of theoret-
ical knowledge. We hope that our experimental results may Recenth/® Dubois et al. commented on our work®>%8
constitute a strong motivation to dig further into such modelsThey observed quasielastic scatteffign a B2 phase

in order to unfold their delimitations. AlsCugsNis5. The authors used this to affirm that it would

At this point we must thus resign from trying to obtain a prove thatfast atomic hopping is nothing special for QCs,
more detailed understanding of our data. This is a negativand occurs more commonly provided sufficient vacancies are
result. But rather than as a catastrophe it must be consideregailable
as the first hint that something unexpected is going on. In order to reach such conclusions Dubeisal. tacitly
Hence, it transpires that due to correlations and to a largitroduce a number of assumptior(d) viz., that thestruc-
number of jumps the situation becomes so blurred that onlyural vacancies in th&2 phase are responsible for the fast
the largest characteristic distance in the system can be exopping observed. If vacancies do play a part at all in hop-
tracted from the data. This relies on the possibility of isolat-ping within theB2 phase, then one should first try to eluci-
ing it in a smallQ limit where all other contributions are still date of which type they are, i.e., if they astructural or
negligible. thermalvacancies. But whatever species these vacancies are

of, if the existence of phason jumps in QCs were just due the
IX. CONCLUSION existence of vacancies, then this would imply an altogether
different temperature behavior of the quasielastic signal than

The impossibility of reproducing the experimental behav-found in QCs where the hopping is assisted rather than va-
ior observed theoretically by any single-particle model of thecancy mediated. This remark shows that they also foster the
type embodied by Eqg2) and (3) shows that phasons in assumptior(2) that there exists only one univergahcancy-
QCs do not occur as isolated jumps, but as strongly corremediatedd mechanism for hopping in an alloy. It is also
lated sets of jumps. clearly taken for grante(B) that there would be a large num-

It is remarkable that in both Al-Cu-Fe and in Al-Mn-Pd ber of structural vacancies in a QC. But there is no incentive
3.8 A shows up as an important distance. This suggests that the form of experimental evidence that makes it worth our
the Al-Cu-Fe result could also be due to some collectivewhile pondering seriously over such an anitz.
effect. In order to prove with mathematical rigor that these

The model by Zeger and Trebin is not the only one thatclaims are wrong, it would be necessary to pin down the
predicts simultaneous jumps. Beratiaal. observed a struc- number of vacancies in a QC, which is an extremely hard
tural transition between thgandé’ phases in Al-Mn-Pd by  and ungratifying job. Density measurements on a single crys-
electron microscopy. The transformation gives the visual imtal are beset with large uncertainties due to the presence of
pression of collective jumps of whole “clusters” over a dis- large facetted voids of dodecahedral sh&band positron-
tance of 4.8 A. They propose a microscopic mechanismannihilation experiments are not really reliable. It should,
based on Mn jumps of 2.82 A along fivefold directions, Pdhowever, suffice to reject the claims firmly based on the
jumps over 2.96 A along twofold directions, Al jumps over millenia-old principle actori incumbit probatio Neverthe-
2.96 A and 1.83 A along twofold directions, and finally Al less, we will do some more by listing below a number of
jumps over 2.57 A along threefold directions. The motion ofarguments that tend to discredit this claim.
the atomic surface in hyperspace that produces Mn jumps is For certain stoichiometries the archetypdl phase AINi
such that four Mn atoms jumgimultaneouslyWe must also  can harbor up to 12% dftructural vacancies at room tem-
quote here a suggestion by Trelfimho has evoked an im- perature. This figure obtained by a comparison of the lattice
age of a wave of collective jumps as an elastic response gfarameter and density dataan be assessed also by $4e
the quasiperiodic medium to a periodic external source obauer spectroscopy in the case of Cotsthe presence of
deformation, e.g., in a vibrating-reed experiment. Such awacancies is evidenced by a strong quadrupole-shifted addi-
elastic response must then be governed by the phason elastichal component; i.e., one can distinguish the population of
constants. We must pay a tribute here to these authors faites with a complete neighborhood from the population of
their perspicacity. sites with a vacancy in its neighborhoBtAt room tempera-

Finally, it should be mentioned that there is an interestingure the Mmssbauer data underestimate the vacancy concen-
link between our data and the symmetry of the thermal diftration. This deficit is explained as an effect of vacancy clus-

APPENDIX A: ARE PHASON JUMPS PRODUCED
BY VACANCIES?
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tering. But at high temperature the clusters dissociate and thebtained by introducing antisite atorffsThe intensity of the
Mossbauer estimate of their concentration becomes accurai@omic hopping in QCs is not seen to be different in a pow-
Similar spectroscopic data for QQg.g., within the Al- der and in a bulk sample, despite the much larger surface
Cu-Fe systemn do not suggest the presence of a largepresent in the former. This means that the occurrence of a
structural-vacancy concentratidhThe presence of vacan- large number of dodecahedral voids seen by x-ray
cies must lead to a larger electric-field gradiéfEG) than in  topography® in Czochralski-grown samples is not sufficient
the situation when there is no vacancy in the nearestan indication of the existence of a large number of vacancies.
neighbor shell. The fact that the EFG in Al-Cu-Fe decreaseStructural studies on icosahedral phases are claimed to yield
smoothly withT shows that there is motional narrowing, but the positions of 95% of the atoms, but do not invoke a role
no other “site” or phase appearifgAn Fe atom with a for vacancieg®33°
vacancy as nearest neighbor would be an additional site, very If we were to believe the vacancy scenario, then the fact
different from one with a full shell. Some small number of that it takes an exceptionally large concentration of structural
thermal vacancies together with the high-temperature diffuvacancies to match the quality of the results obtained in a
sion should provide enough atomic flux to form the micro-QC, where the number of vacancies is several orders of mag-
scopic voids seen by a number of grodpghere is no need nitude lower, can only underline that indeed something spe-
for a large number ofstructural vacancies. In fact there is cial is going on in the QC. But it is probably wise to refrain
only one population of sites in the sample. This populationfrom paraphrasing in such slogan-oriented terms the scien-
has a large distribution, which becomearrower at high tific mission that has fallen to our share: The true objective
temperature. It is clear that in a QC the ditribution of siteswe fixed ourselves from the outset can only be the elucida-
with a vacancy in their neighborhood could be much lesdion of the phason concept in QCs.
sharp than in 82 compound but it would be far fetched to
claim tha_t a distrib.ution of a f_ew percent of such siFes would APPENDIX B: MODEL CALCULATION
go unnoticed(Positron-annihilation studies have yielded an
estimate that the vacancy concentration at room temperature The dynamical structure factor of the the downsized es-
in Al-Cu-Fe is of the order of 8 ppm, but such data are notcapement model is calculated by recasting the model in
always reliable®). terms of configurations, following the method spelled out in
The absence of a large concentration of structural vacarRRef. 83. There are eight configurations, linked by the follow-
cies in QCs is further corroborated by the totally disparaténg scheme of transitions:
outlook of the existence domains &2 phases and QCs.
They bear no ressemblance whatsoever and have very differ-

71 T2 1
ent extents. Whereas tig2 structure is very insensitive to BCF—BDF—~ADF—ACF

atomic composition as indicated by a sizable stability range 17 17
within the phase diagraft, QCs on the contrary are ex-
tremely sensitive to it? A variation of 1% in composition is BCE:BDE<T—2>ADE<T—1>ACE

sufficient to render the QC structure unstable. In B2

phases this stability of the structure in the Al-rich phases isvhere the symboKY Z denotes that the postion§ Y, and
obtained by just leaving Ni sites unoccupi@d., by build- Z are occupied while the other ones are empty. Notng
ing in structural vacancigéswhile in the Ni-rich phases itis =1/7;, the corresponding jump matrd can be written as

—(y1t72) Y1 0 0 0 0 Y2
71 — (71t 72) V2 0 0 0 0
0 V2 ~(ntr2) 71 0 0 0 0
0 0 71 —(v1t72) Y2 0 0 0
0 0 0 Y2 —(r1tv2) 71 0 0
0 0 0 0 71 —(r1t72) Y2 0
0 0 0 0 0 Y2 —(y1ty2) Y1
Y2 0 0 0 0 0 Y1 —(nt7)

(B1)
|
We introduce the notation  y;/\y2>+y2 has the same topology as a phonon problem for a linear

= cosa, y2/~/721+y22=sina, and ,/7,21+y22:x. The jump diatomic chain, with cyclic boundary conditions and four

matrix can be diagonalized by observing that every secondinit cells. We can map our jump problem onto this phonon
configuration connects the same way to its neighbors. This igroblem. The latter can be solved by using the Bloch theo-
thus a problem with “translational symmetry.” The system rem. We must  thus propose  eigenfunctions
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TABLE lll. Components ofS(Q, ) in an escapement model.

Spectral function Weight Structure factor
O(w) }Uf cogQ- (ra—rg)]+cogQ-(rg—rg)]
2
+co4Q-(rg—rg)]+cogQ-(ra—reg)]
+co4Q-(rg—rg)]+cogQ-(ra—rg)l+2
1 1+cogQ-(rc—rp)]
27%s
%m cogQ-(ra—rc)]+cogQ-(rg—r¢)]
+c0gQ-(ra—rp)]+cogQ-(rg—rp)]
+cogQ-(rc—rg)]+codQ-(rp—rg)]
+co4Q- (rc—rg)]+codQ-(rp—rg)]
coS(al2) L(y1+ y2— X, ) E(rf 2—c04Q-(ra—rg)]—cogQ-(re—rg)]

+sirP(ad2) L(y1+ Y2+ X, @)

£(271,0) 1
2 S

1-co§Q-(rc—rp)]

ve(q)e'@™M0-11-1) "where the index €{1,2,3,4 labels
the positions of unit cellsse{1,2} labels the two atomic
positions in a unit cell, (Z/4)(1—1) is a “reciprocal lattice
vector” g, and[v(q),v,(q)]" are obtained by diagonaliz-
ing the “dynamical matrix:”

—(y1t7y2) vty '

This way one can show thail=SAS !, where A is the
diagonal matrix:

A=Diag 0,—2(y1+v2),—(y1+v2) +1,—(y1+v2)— 1,
—2y1,= 2y, — (1t v2)+1—(y1+y2)—1] (B3)

Clet=] ) 4 ypeta —(ytyp)) (B2 and
|

1 +1 1 1 +1

1 -1 yitiy, —v1i—ly2 —1

1 +1 1 I -1

S:i 1 =1 —vytiyr v2—ims +1

Jal 1 +1 -1 -1 +1

1 =1 —vi—1y2 matiy2 -1

1 +1 —i =1 -1

1 -1 y—iyi —yvetiye +1

1

—yitly
—1

Y2ty
' (B4)

Yi— 172

— Y271

Furthermore,S™'=S'. The Fourier transforms of the con- the structure factor can then expressedi&SL(w)S'F,
wherel.(w) is the diagonal matrix containing the normalized
to 1 LorentziansC(w,\;) of width \; where\; is taken from
A. By convention a Lorentzian of width 0 is considered to be
8(w). The algebra of the evaluation of this expression is

whereby is the scattering length of the rapidly hopping atomf[“”y considerable and uninspiring. The final result is listed
(in A, B, E or F), and bs the scattering length of the in Table ll.

figurationsXY Z are defined as

fXYZ: bfelQ-rX‘f' bselQ-rY‘f' bfe'Q'rZ, (BS)

slowly hopping atorin C or D). Defining the row matrix,

F=[Fscr.Fepr ,]:ADF1]:ACF,~7:ACE,~7:ADE,]:BDE,JTBC(gé)

APPENDIX C: CALCULATION FOR SIMULTANEOUS

JUMPS

Equation(6) follows from
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1 (1 1\[8w) 0
SQe=a Bl allo Atw
1 1)1 :
X 1 -1 EF, (C1

where now

F=[e'® a+e'QrceQrs+geQ D], (C2

APPENDIX D: UNALTERED SITE OCCUPATIONS
REMAIN MUTE IN COHERENT MODELS

Let us just consider a system that can swap by an atomic

jump between twdenergetically equivalehtconfigurations.
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1 1
2[51(Q+54Q) — 25, AQ A 0) + 7 [$4(Q)

+54Q)+28, Q)] 6(w). (D1)

wherel’=4%/7 and we have introduced the notation

1
Snn(Q)=5[Fm(QFH(Q +Fn(QFR(Q)].  (D2)

Here 7,,(Q) is the Fourier transform of configuratignThe
quasielastic structure factor can be rewritten as

1
2[7(Q = FH(QIIF(Q) ~ F(Q)T*, (D3)

The jump matrix will then be the same as the one that leads
to Eq.(1). After applying the same sorts of algebra as for thisand in this expression all contributions from unaltered site
model, the structure factor will read occupations cancel.
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